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SUMMARY

This program is being co nducted for the pu rpose of deve lop-
Ing a predictive mode l of heat flow and sol idification for alum-
m u m  alloys produced under the high cooling rate conditions
achievable In rotary atomization and laser surface me lting . It
Is a combined experim ental and theoretical study of the relation-
shi p between the important solidificati on variables (e.g.  cool ing
rate , temperature gradients , in terface shape and veloc ity, super-
cool ing and transformation kinetics) and the structure and micro-
chem istry of rapidly solidified aluminum alloys.

During the first six months of this program work was carried
ou t In the following areas:

(a) A com puter heat flow model for the rapid solidi fication
of metal powders was develo ped.

(b) H igh purity Al-4.5% Cu alloy ingots were prepa red and
sent to Un ited Techno logy Corporation for rotary atomization . m i -
tial analysis 0f the structures of the meta l powders produced were
carr ied out .

(c) Genera lized heat flow equations and computer codes were
devel oped for one , two and three dimensiona l heat f low during rapid
mel t ing and subsequent solidificati on of a surface layer subjected
to a h ig h intensity heat fl ux , e.g. tha t generated by a continuous
wave CO2 las er.

(d) Substrates of Al-4 .5% Cu a ll ’oy were spec ia l ly pre pared
and sent to Un ited Technology Corporation for surface me lting .
Initi al characterization of the rapidly solidified spec imen s were
carried ou t using el ectron microscope techniques .

Finall y, a 15KW continuous wave CO 2 l aser is presen tl y bei ng
insta lled in our labo ratories and should becom e available for use
in this program in the near future .
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I. ATOMIZATION STUDIES

These studies are aimed at enhanci n a our current limited

understanding of rapid solidification phenomena occ uring during

F atom ization of alloy powders by the centrifuga l tec hnique. It

is now : appa rent that underc ooling , nucleation and growth pheno-

mena during ra pid solidification can not always be explained with

available theor ies of non-equilibrium dendr itic sol idification.

For examp le , som e centr if ugall y atomized powders show microcrysta l-

line , non-dendritic , structure s that can not be directly correlated

to avera ge cooling rate during solidification. Other phenomena ,

such as increased sol id solub ility , repression of non -e quilibrium

second phases and solute enriched dendritic cores are influenced

by cooling rate prior to , as well as dur ing solidification . Full

exploi tation of these observations in design of specific high

stren gth alloy compositions for rapid sol idification processing

requires a much better understanding of the relationship between

process variables - microstructure and microchemistry . While the

spec ific emphasis of the work in this progra m is on aluminum alloy

powders produced by centrifugal (rotary) atomization , the f ind i ng s

should be applicabl e to othir alloy systems and atomization processes.

In the first si x mon tns of this program a comprehensive l iter-

ature survey was initiated and both th eoretical and experi mental

studies were carried out on rapid solidification of aluminum alloy

powders. Ini tial finding s from this work are presented below.

1. Litera ture Surv ey

The literature surve y initiated was on the reported effects

of ra pid so lidification on the m icrostructura l modifica tions of

alum i num alloy s, as well as the theoret i cal mo del s ava i la ble that
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re late high coo l ing ra tes  to nucleat ion and t ransformat ion kin-

et ics during c rys ta l l ine  so l i d i f i ca t i on . Resul ts  of the reported

microstructura l  mod i f i ca t ions  would be used to both selec t spe-

c i f i c  aluminum a l loys  for this study and to re late and compare

the ef fect  of ca lcu la ted  achievab le cool m e  rates in rota ry atom-

Izat ion on structure and microchemistr y w i th  othe r rapid solid-

i f icat ion processes .  Reported m ic ros t ruc tura l  modi f ica t ions of

aluminum al loy s due to rapid so l id i f i ca t ion  can be summarized as

follows:

a) Microstructura l  refinement , mani fes ted as smal ler  gral .

size an d dendrite arm spacings.

b) Extens ion in terminal so l id  so lub il i ty  of the prima ry

a-Al phase .

c) Morphol og ical  changes of the eutec t ic  or the pri mary

phase.

d) Fo rmation of non-equi l ibr ium phases .

e) Coupl ed eutect ic  growth at o f f - eu tec t i c  c o m p o s i t i o n s .

f)  Vacancy super sa tura t ion .

Reported ex tens ions  of sol id solubil ity  and non-equi l ibr ium

second phases de tec ted  in binary aluminum al loy s are summarized in

Tab les  I and II , r e s p e c t i v e l y .  A rev iew of these data and p rac t i ca l

cons iderat ions based on present and future commercial  a l loy s for

rapid so l i d i f i ca t i on  app l i ca t i ons  ind ica te  A l -Cu ,  A l -Fe  and A l - S i

systems to be most promising for fundamental a tom iza t i on  s t ud ies.

2. Theo retical Studies

T he in i t ia l  s tud ies  in this port ion of the program wer e aimed

at developing a v e r s i t i l e  computer heat fl ow model for so l id i f i ca-

t ion of a tomized d ropl ets of both s Ingi e mel t ing point meta ls  and



- —~~~~~~ ~~~~~~~~-~~~~- - ~~~~- -~~~~~~~~~~~~~~~ -~~~~ •-

.• 

‘

. 

3

ii
TABLE I

Extensio n of Sol id Sol ubili ty in Binary Aluminum
*Alloy s Quenched from the Melt

Element Max. at equil. Reported Maximum

atX Temp. °K at - S

Cr 0.44 934 >5-6

Cu 2.5 821 17-18

Fe 0 .02 5 928 4-6

Mg 18.9 723 36.8-40

Mn 0.7 923 >6—9

Ni 0.023 913 1.2-7.7

Si 1.59 850 10-16

Zn 66.5 655 3 8 ?

* From reference # 1

~ I
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alloys tha t freeze over a range of tempe ratures. A generalized

computer code was developed for the former and w i l l  be descr ibed

here i n , while work on the alloy system is present ly underway and

w i l l  be reported in the future.

The computer heat f l ow  model developed for s o l i d i f i c a t i o n  of

pure meta ls  and a l loys  that f reeze at a s inol e temperature per-

mits predict ion of the important so l i d i f i c a t i o n  va r iab les  (e .g .

cool ing rate. Interfac e velocity, temperature gradient, etc.) as

a f unct ion of the d imens ion less  va r i ab l es  governing the ra te  of

heat e x t r a c t i o n  from metal  d rop le ts .  A manuscr ipt  based on this

work is In prepar~ t ion . A short summary of some of the important

findings Is as follows.

In genera l, the ach ievab le  hea t t ra ns fe r  c o e f f i c i e n t s  at a

l iquid metal drop le t -env i ronment  in te r face  are l imited to h <

For aluminum metal d rop le ts  in the s ize  r~inqe of “. 1pm

to 1000pm th is  t r ans lates  to a l i m i t a t i o n  on the range of E l io t

Numbers of i n te res t ,  lO
_ 2 

~ RI ‘ 1.0.

hr
RI * (1)

I

where h Is the heat t ransfer  c o e f f i c i e n t  of the met a l  d rop le t -

environment in te r face.  r0 is the rad ius of the droplet  and k1 is

the conduc t i v i t y  of the l iquid meta l .

Figure 1 shows c a l c u l a t e d  d im e ns i on l ess  temperature versus

dimensionless d i s tance  In a liquid aluminum meta l  droplet  for var-

ious Blot Numbers at the instant Its sur f a ce  reaches the me lt inq

point .  The da t a  shows that fo r Blot Numbers less  tha n “~0 .O l there

Is no si gn i f i can t  te mperature grad ient  in the droplet  and the s imple

— ~~~~~~~~~~ __ -_t — —— — - -:
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Newtonian cool ing express ions can be used .

An important var iab le e f fec t ing  supercoo l ing prior to nuc-

leation is the c ool ing rate in the liquid droplet.  A general ized

expression relat ing the instantaneous average cooline ra te ,

In a liquid me ta l droplet to the Blot Number and d imens ion less

surface tempe rature was derived :

£avg — 3 x BI x 0SURFAC E

where :

£avg 
= dr (2)

1 - 1

~~
T m _ T g

a t 2
Fo L.

r0

T temperature in th e dro p let

T
9 

temperature of the env i ronmen t

= melting point of the droplet

thermal diffus ivity of the liquid meta l

t = time

Computer ca lcu la t ions  show that d imensionless so l i d i f i ca t i on

inter face ve loc i ty  ~p1/~~(Fo) increases w i th  both increasing Biot

Number and wi th  d is tanc e so l id i f ied from the drople t sur face at

a g iven Biot Number . F igure 2.

Examples of the type of numbers wh ich  can be generated from

the data presented in equation (2) and Figure (2)  are as fo l l ows .

A 5Opm diameter a luminum droplet convec t i ve l y  cooled w i t h  a high

ve loc i ty  gas environment,  as in the centr i fuga l atomiza t ion  process



—~~~~~r”~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -,-~~ . ———-—.— . . . ~,_ 
—

7

of the Un it ed Technolo g ies Cor pora t ion , may achieve a surface con-

ductance (sur face heat transfer coefficie nt) of h “.5 x 104W/m 2.°K.

The calcula ted average cooling rate in the liquid droplet from

equation (2) when its surface reaches the melti ng point is ~ l.4 x

106 °K/sec. The solid-liquid inte rface velocities , from Fig ure 2,

at radius ratios of 0.95 and 0.25 are 0.037 rn/sec and 0.32 m/sec ,

respect ively.

As noted a bove , a new heat flow model is presently being devel-

oped for solidification of alloy s that freeze over a range of temp-

eratures , henc e liquid compositions.

3. Experimental Studies

Severa l high purity ingots of Al-4.5% Cu alloy wei ghing

approxim utely 2 kilograms were prepared in our labo ratories and

sent to United Technologies Corporation . Two of the ingots were

remel ted , centrifugally atomized and solidified by forc ed convec-

tive cooling . The resulting powders are being subjected to micro -

structura l analysis using various electron microscope techniques .

Figure 3 shows the three distinct typ’es of struc t ures no ted to da te.

The micrograph in Figure 3(b) shows typica l dendritic structures

foun d in the atomized droplets. Average measured dendri te arm

spacings are of the order of “.. 2 pm. The micrograph in Figure 3(c)

shows a dupl ex m icro structure - primary spheroidal solid particles

surrounde d by a fine dendritic ma trix. This structure is very

similar to that obtained when a meta l alloy is subjected to high

rates of sh ear durin g in iti al stages of so l i di fi cat i on - Rheocas t

struc tu res (10). It is postulated that these droplets partially

solidified on the di sk of the rotary atomizer prior to fli ght into

the forced convec ti ve cool i n g env i ronmen t . On the other han d , the
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powder par ticle i n F igure 3(a) also shows a duplex structure which

is similar to Figure 3(c) yet, it is significantl y different in

its response to etchants and Its general appearance in the Scan-

ning Electron Microscope.

Detailed structural and mi crochem ical analysis of these struc-

tu res is presently underway . Techniques are being developed for

the preparation of electron transpa rent specimens of the powder

cross—sec tions for Scanning and Conventiona l Transmission Electro n

M i crosco pe Stu di es.

ingots of high purity Al-Fe and Al-Si alloys are also being

prepared in our laboratories for centrifugal atomization at the

Un ited Technologies Corporation.

_ _ _ _ _ _
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II. LASER SURFAC E MELTIN G

A corollar y theo retica l and experimental progra m was under-

taken to investigate rapid surface melting and subsequent solid-

ification of aluminu m alloy substrates subjected to high Intensity

heat fluxes suc h as tha t genera ted by con ti nuou s wav e CO 2 lasers .

The two features of rapid surface meltin g wh ich make it an attrac-

tive tool to correlate rapidly sol idif ied structures to solidifi-

ca ti on var i ab les are :

(a) Theoretical heat flow ca l culatio n s can be carried out

without recourse to arbitra ry assumption of a hea t transfer

coefficient between the liquid and the substrate bel ow -

there Is intimate contact between the two .

(b) I t sepa rates growth phenomena from nucleation events

in rapid solidification processing - special substrates can

be prepared for epitax i a l growth studies .

Our investi gations are aimed at coupling computed heat flow

conditions with experimentally observed microstruct ure s in the

aluminum alloys used for the centrifugal atomization studies. Here-

tofore , laser sur face melting of our aluminum substrates was car-

ried out at the United Technologies Corporation. Recently, a 15KW

cont i nuous wave CO 2 laser was acquired by the University of Ill in-

ois and is presently being insta fled in our laboratories. It is

anticipated that specimens would also be surface melted with thi s

new in-house facilit y .

1’. Hea t flow Calculations

Genera lized heat flow equations and computer codes were de-

veloped for prediction of the important rapid melting and subsequent

sol idification variables of surface layers subjected to hi gh intensity 

~~—~~~~ -~~~~~~~~~---~-• —--- 
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heat fluxes. Specific work carried out In the first six months

of this program is summarized below.

(a) One-D imensiona l Heat Flow

Numerical calculations of a one -dimensional hea t flow model

develo ped earlier were completed and published during thi s contract

period. The original manuscript submitted for publication prior

to this contract was revised to Include these recent calculations.

The published manuscript is attached hereto as an Appendix.

Shortcomings of this work included assumptions of uniform

absorbed heat flux and one-dimensiona l heat flow - it is assumed

tha t the laser spot diameter is large in comparison with the heat

affected zone in the substrate .

(b) Two-Dimensional Heat Flow

In this study we have developed generalized expressions for

the finite difference coefficients of the energy conservation

equat ion in a cu rv i l i nea r  coord ina te  system. We have cons idered

the rapid melting and subsequent solidification of the surface layer

of a semi-infinite aluminum substrate , initia l ly at room tempera-

ture , subjected to a high intensity heat flux over a circular

region on its bonding surface . Both unifo rm and Gaussian distri-

butions of the absorbed heat flux we re considered . However , the

equa ti ons an d com p u ter codes deve l oped can t rea t an y arbit rary

heat flux ove r th e c ir cu l ar regi on.

Computer calculations are presently underway for a range of

absorbed hea t flux and the results of the computat Ions are being

compared with the one -dimensional heat flow model . Figure 4 shows

the calculated fractional melt depths (liquid -so lid interface po s-

itions) at various times during surface melting of an aluminum 

~
•
~::. 
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substrate subjected to a uniform absorbed hea t fl ux of 5 x 10~
W.m 2. The two sets of curves are for different laser spot radii,

l 9Opm and 380pm . Figure 5 shows similar data obtained for two

d ifferent absorbed heat fl uxes . The da ta in Figures 4 and 5 In-

d icate that some of the genera l relat ionships developed between

absorb~ d heat fl ux , melt dept h and time in the one-dimensional

model (see Appendix) may also hold for the two-dimensiona l trans-

ient heat flow model .

It is anticipated that data generated In the next two months

woul d perm it the development of specific relationships between ab-

sorbed heat flux and isotherm shapes , isotherm velocities and temp-

erature gradients . Experiments are also planned in which the con-

di tions for these two -dimensiona l transient heat flow calculations

can be simulated by laser radiation of stationary al uminum substrates .

(c) Three-D imensiona l Heat Flow

In thi s work we have ad d ressed the probl em of ra pi d sur fac e

melting and subsequent solidificati on of a semi-infinite solid ,

moving with constant veloc i ty, subjected to a high inten sity heat

flux over a circular region of its bonding surface. Temperatur e

pro files in the molten region and the adjacent heat affected zone ,

as wel l as the important melting and solidification variables are

to be determined.

Genera l ized expressions for the coefficients of the finite

d ifference equations governing heat transfe r In discretized spatial

domains in m oving curvilinear systems have been developed along

with a com put~ r code for numer ical solutions. In itia l data ob-

tained show that the method used is accurate and does lend itself

to solu tion of this multi -dimensiona l phase change problem. It

is anticipated that this investigation would be completed in the

:

~

.,
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next s ix  months of thi s program .

Solut ion of the prob lem described above should accurately

simulat e the therma l fi el d geom etrie s encoun tered in las er sur face

m elting of moving substrates . Thi s is the technique presently

used in our experimental work. Finally, the general expressions

and solut ion techniques developed should also be applicable to

calcula tion of thermal fields and solidification parameters in

the metal poo l of certain types of welding processes.

2. E xp e r I mental Studies

Unid irectional ingots of A l-4.5X Cu alloy were cast and sec-

t ioned Into appropriate sizes for laser surface melting. These

were surface melted at United Technologies Corporation under con-

ditions predicted from the heat flow studIes to yiel d a range of

mel t depths and solidification conditions. Preliminary examina-

tIon of the s t ruc tu res  ob ta ined  v ia  SEM and Convent iona l  T I M  tec h-

niques has been completed . Figure 6 shows representative TEll

phot om lcro graphs of one laser melted specimen . As anticip ated , the

structures are very fine and are align ed In the heat flow direction.

Work is now underway to determine composition pro files across the

fine segregate spacings via STEM. Correlation of structures and

microchemistr ies to calculated heat flow conditions and solidifi-

cation - segregation model s would be an Important aspect of this

work In the fu tur e.

Presen tl y, special s i n g l e cry stal specimen s of a l um i num allo y s

are being grown in our laboratories for laser surface melting stud-

les. It is expected that epitaxia l growth studies coul d he better

carried ou t on these substr ates.
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MANUSCRIPTS PREPARED OR IN PREPARATION
BASED ON WORK IN THI S PROGRAM

1. S-C. Hsu , S. Chakravorty , R . Flehrab ian , “Rapid Mel ti ng and
‘ Solidif ication of a Surface Layer, ” Me t. Trans. B., Vol. 98,
June 1 978, p. 221.

2. R. Mehra bian , S -C. Hsu, C. Levi , S. Kou , “Heat Flow in Ra pid
Sol idif i cat i on ,” Proceedings of 25th Sagamore Army Ma ter i als
Con ference , 17-21 , July, 1978, Bolton Landing , New York. To
be pu blished by Syracuse Press.

3. S -C. Hsu. S. Kou , R. Mehrabian , “Rapid Meltin a and Solidifi-
cat ion of a Surface Laye r - Two-Dimensional Hea t Flow. ” To be
submitted to Metallurgica l Transactions.

4. S. Kou , S-C . Hsu , R. Mehrabian , “Rapid Melting and Solidifi-
cat ion of a Sur face La yer Sub jected to a Hig h Intens ity Mov i n g
Heat Flux. ” To be su bmitted to Metallurgical Transactions.

5. C. Levi , R. Mehrab ian , “Heat Flow During Solidification of Atom-
ized Droplets .” To be submitted to Metallurgical Transactions .

6. R. Mehrabian , S. Kou , S-C . Hsu , “Las er Surface Me lti ng and
Solidification .” Inv ited lecture to be published in the Pro-
ceed i ngs of Sympo si um on Laser_- Solid Intera ction s and Laser
Process ing, Nov. 28-Dec . F7’1978, Bos ton , Mass.

7. S-C. Hsu , S. Kou , R. Mehrabian , “Hea t Flow in Laser Processing, ”
to be published in Proceedings of ASM Conference on Applications
of Lasers to Ma ter i als Processj ~~, April 18-20 , 1979, Washinton ,
D.C.
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Fi gure 5 Calculated liquid -solid interface positions
at var ious ti mes in  the  l a s e r  su r face me lt ed
reg ion of an aluminum substrate for two dif-
ferent absorbed hea t fluxes. Laser spo t rad-
i u s  was a s s u m e d  to be 380~im. 
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FI gure 6 TEM photom icrographs of laser melted surface of an
Al-4.5 % Cu alloy substrate.
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A P P E N D I X

o RaØ id Melting and Solidification of a Surface
• Layer

S. C. U SU. S CHAKRAVORTY. AND fl ME 1IRABIAN

A one-dimensional computer heat flo w model is used to investigate the effect of hi gh i n-
te n s i ty heat f luxes , ~‘ i .  those achieved via continuous C~~ laser radiat ion ,  on the m i -
portant surface layer melting and subsequent solidification variables of three substrate
materials: a luminum ,  iro n , and nickel. Temperature profiles vs t ime,  melt ing. and soil-
dilication inter face velocities , heat ing. and cooling rates in the surface layers of the
three nu ’lals are calculated . Results are presented in a general form to perm it deter-
mination of t hese variables for large ranges of absorbed heat fluxes and t imes .  General
tre nds established show that temperature gradients in the liquid and solid phases and in-
terfa ce velocities are directly proportional to the absorbed heat flux , whereas melt depth
is inversely proportional to the absorbed heat f lux.  Average cooling rates comparable to
spLit cooli ng can be achieved by increasing the heat flux and redu cing the dwell t ime of
the incident radiation. An order of magnitude increase in the absorbed heat flux results
in a corresponding two orders of magnitude increase in average cooling rates in the
liquid during solidification of crystalline and noncrysta lline structures .

I. INTRODUCT I ON solidification variables of three substrate materials :
a luminum ,  iron , and nickel.

Several studies have previously been carried out toTHE effect of high cooling rates. lO~ to lO ’° K ~ °n quantitatively describe heat flow in a semi in finitethe structure of solid materials formed from their subs trate material subjected to high intensity radia-melts has received increased attention ever since tion. An analog computer program was developed byDuwez and his coworkers published results of their Cohe n” to invest i gate the temperature distributions ininvesti gations on sp lat cooling . i A large number of the molten surface layer and the solid substrate dur-innovative batch and continuous techniques for pro- ing melting of a sem iin f in ite  solid subjected to a step-duct ion of laboratory and commercial quantities of function heat input The thermal profiles thus gun-rap idly solidified material have since been developed. 
erated were subsequently used by other investigatorsIn general , these techniques involve quenching of a 
to estimate average cooling rates during solidificati onliquid on a hi gh conductivity substrate . Determ ina- of noncrystalline structures . -’ Other researchers 7

tion of exact cooling rates during solidification of crys- have used the point source heat flow equations pro-talline and noncrystalline structures in these pro- posed by Rosenthal 9 for bead-on plate welding. Onecesses has required estimates of heat transfer coeff l diffic ulty with all theoretical calculations , includingcients between the liquid and the substrate. Two note- that pres~ uited here , is that not all incident radiationworthy attemp ts have been made to directly measure is absorbed by the substrate — refle ivit y varies withheat transfer coefficients durin g sp lat cooling.3” How- power den sity . substrate niateria~. surface conditionever , it is questionable whether these values can be (e.g.. oxide layer), and is different for primary phasesused in calculation of cooling rates in othe r rapid soli- and inclusions . Nevertheless , it was believed that adificat ion techniques or even in splat cooling in general detailed study of the thermal characteristics of purebecause of different processing conditions , alloy corn- substrate materials would yield useful relationshipspositions and substrate materials , between the absorbed heat flux and the important melt -The recent availabil ity of high powe r continuous ing and solidification variables influencing structure.wave . CO~ laser has led to the development of a rapid In practice . dwell time of an incident radiation cansurface melting and solidification technique s in which be calculated from the scanning speed and spot diame-the bulk (seml infinite ) substrate in intimate contact ter of the incident beam.~’7 The one-dimensional heatwith the molten layer acts as the quenching medium — flow model used in this stud y assumes that the spotan inf inite heat transfer coefficient can be assumed. diameter is large in comparison with the melt depth.This paper describes a theoretical study carried out Furthermor e. it is assumed that there is no convec-to investigate the effect of high intensity radiation on tion in the molten surface layer . The effect of con-
the important surface layer melting and subsequent vection on melt depth was determined by arbitrarily

increasing the conductivit y of the liquid , in the ex-
‘~ 

( liSt i~ (r.iJia .i ie Rest’j rcli \ “l5ij nt .  n rpa r tuwn l  of Ni echani- trerne. the conductivity of a well mixed liquid tends to
t~ii .,ritI In lusiri.iI I -ng ln t ’L’ri ng . t I l i i % t ’r’titv el I l l ino is . (f rh.,i,a-(’han,- infinity and analytical equations developed by Landau 9
i’.iigii . iIljt t~is S ( I IAk R AVUR F~ . fornirr lv Rt ’st ’. rcli -~ sst I~ltt’. for complete removal of the melt could be applied. In
Ix ’ j ’a r t r nc’nt tO Slt ’ij l l u r gs  .,nj M in i ng l ,igincrring . L 1 ni~cr~ntv ~~~ lieu of exact analytical solutions for the problem at
Illinois . t l rb.in.,-t li.inip~ign. I l l ino is , is now Assist .iiii Professor. Dc- hand , approximate analy tical techniques such as the
pa r llnt ’nt el Vl .itt’ri.,ls 5,-tenee .antl l~iigin eeri iig . l’a li t ~ni  Lln irers i ty .  

‘approximate integral technique ’’ developed by Good—Slii r~,,. tr ;,n K ~l l l t l t A IftAN Is AssoCi .IIt’ l’r~ ft’~sot . 1) epar lmeni of nian t° can be used. Melt depth calculat ions based onMct~ ( liirg,- intl Minin g I~iiginet ’riiig ~iritl i) epartn ienl of Median is31 an,l
ln , l i t s t r i a l  t-ng ,ieering t ’ i i ist ’rsily of Illinois . (lr h-ana4 hainpa ign , this latter approach were also carried out in this
Illinois study and are compared to those calculated via the

M.,ni u s~ r ,pl ciih ni i t ted  Jiil~ I I .  ~° numerical integration technique.
Iss~si O 1 . ~ I 4l ’S-O6 l 2.O22l$OO , 1c (1

MI- I A I  I t Ki ; ( i -~t 15 ~~‘ IA( 1lO5S ii ~- - 197~ A~ l1 Rk’AN 50( 11-tv i-OR Mi IAI S .~NI) VIM l ’ \ I l -  ‘15 • ) ( “ ~I l ’ ) s  ~.‘I
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II. HEATING OF THE SOLID Ill . APPROXIMAT E INTEGRA L TECHNIQU E
The temperature distribution in a semiinfinite solid Integration of the one-dimensional transient heat

subjected to a constant heat flux at its surface is conduction equation for the case of a semiinfinite solid
readily determined from equations given in Carslaw at its melting point subjected to a constant heat flux
and Jaeger .” These equations were used to establish at its surface leads to a heat balance integral given
the initial temperature distributions is  t ime in the by Goodman: iO Solution of this integral with the ap-
different substrates prior to surface melting. The propriate boundary condition s at the surface of the
product of q’. ‘m ’  where q and ‘m are absorbed heat metal and the liquid-solid interface is facilitated by an
flux and time for the surface of the solid to reach its a priori assumption of a temperature distribution in
melting point , respectively , is a constant for a given the liquid. In this work the temperature distribution
material. The calculated values of this constant and in the liquid was represented by a quadratic equation
all other properties of the three elements (aluminum, and the analytical solutions to the heat balance integral
nicke l and iron) used in this study are listed in Table I . derived by Evans el a!’2 for this case were used to

Data thu s generated were used both in the deter- generate curves of maximum melt depth. L nsax . i’s ab-
minatlon of melt depths vs t ime via the approximate sorbed heat flux. The maximum melt depth throughout
integral technique and to establish initial temperature this paper refers to the melt depth achieved for a
profiles for the numerical calculations, given absorbed heat flux when the surface of the ma-

terial reaches its vaporization temperature . T,., and
the heat flux is removed .5

10 
~~~~ ‘Ses N imms ndaiiirv I IT d e imn il m on oh jil f loldimonS 

—

— V~~L A L  Figure 1 shows ca1cu~~ted maximum melt depths i’s
‘ -

~~~~~~~~
- ‘  ‘ ‘ ‘- “ .  /- — — — 7r $ i4$ .4 ~ 4 l9TEC ,RA1~~~’. absorbed heat flux for the three elements . The more

• • . Al . . . ~~~ .. ~~~~~~~~~~~~~~ t t~H” precise calculations using the computer model dis-
- I cussed in the next section are also shown in the same— 1 0 : : :. ‘ ~ ::::j I ~~~~ - .‘5

.,,. 
figure The procedure outlined above while providing

I : ::~~:: useful order of magnitude estimates of melt depths.
~~
. has severe shortcomings . It does not permit deter-

~~ 

‘ 
~
“ • ‘ ‘ ‘ ‘‘“ ‘ . .‘ . “ ‘+ ~~~~~~ ‘~~~“ mination of temperature profiles in the solid: there-

- . 
- 

- 

- 

fore , it cannot be used for calculation of thermal pro-
10’ 1 I I files during solidification of the molten surface layer

H- ‘.~~~ : : : : : : : : :~~ :~~~~~~~
‘ -  ‘~~ 

— , : ~~::~:: once the heat flux is removed.
4 4

‘.
‘ ~~ 

I IV. COMPUTER SOLUTION
40 . .  Il f t i 1  - ILl  The numerical integration , finite difference method .

10’ 10 ’ 

~~~~~ ((At iliti . ~ -~ ii ” 10’ developed by Murray and Landis~ was used for both
Fig. 1—Maximum melt depth i - s  absorbed heat flux for alt,- the melting and subsequent solidification of a surface
m inum , Iron and nickel calculated us ing the approximate 1fl layer subjected to a constant heat flux for a given
tegra l and numerical technique s, period of time. Initial conditions were established us-
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ing dlela generate-it troni . t iulvt h e a l  t ’Xpr ei4stshflS sits  - VsI(i~t t i ( i h t 5  ~ I ~~~ 3 , t ie ’ (cii’ (lit ’ SLI i i . i t e ’  .hiKt ((it ’ l .is l
cu~sed e’ai’lte ’i’ for the sing le phase solid mater t at  - iisste . rv ’ s L I s ’ s’t i ve’ I%~ - \ I~ the hol.i I flullibe ’r , m h  m t , ’dr ’s I
Na tural  s’oiivt ’et ion due to buovaia’v for t e s  iii th e’ liquid is the iit ihiibt ’(’ s I t  S (1(t ’e’ I i l e r e ’ lm mi ’i i i s in the ’ l iquid re’ -
ai~I fluid motion due to dt’nsi y ~1tf ft ’ rence’s in the ’ two gion . 1.1,, is t h e ’  local ton of the ’ l iqu id  soliti mher t . i ,’s ’
phases we t-c i gnored - l’ure ’ t i i e’ta I substrate’s .11 i 1 - i i ~1’ I ’~,, - 1*11(1 3- is liii ’ li ’i ’at m oo  s i f  t hi s ’ l,ist

• I h~ I ie~ m ,‘i si~~~ ii’~~i on ‘m ~~ti 5k 1 ’mhi ~ as ,~ i~~i ,mu , i~,h iii a i, , van  i i. - 1i , ~ I hiotit ’ i ll  (li e’ s imI  id -

I ~~~~~ I , ,‘~ 1, ’., . aI. ulaimsa is ~ il l ‘5- .~oaIO i~~ ,- I 4  ~~ ~,i,.-,i The’ 4tdeli t tonal bounet~e i’V e’sIiie I It IOn .et ( t I e ’  I iqu itt ssil Iii
interf ace ’ . V 1.~, isla luni tnum.  iron, and itickell were’ considered . A di’ -

ss’i’ ipt loi i  of the Mu rra y  and 1 ,eistir vari ab l e—spac e’ i i — I’ 1 ,~, 0 - 4  I
network technique and the’ boundary and initial  con—

H e a t  toss due to i’adl .tt Lou and e’oIWt ’et ion .et the ’etitions used is prt ’se’iited below , followed by the
• - - _, ine ’tal a ir  iiit e’ r!as’e’ \V .i s in s’ lotte d il l I h1’ c.els ’~ilat t , ’iis t’~nu merica l results slb(aine’el u stng ( t)( ( ‘i Ih I’.R 1, 5 - . -

- .issuniing ~i ii  et t e ’s ’t IVI ’ he.eI I i’. t ii st e ’t’ s’s ’e ’t t i s ’i e’nt , hst i~ it.i l e’oniputer - The ’ruua l and physica l pro ertues . .  -

were’ .essunied constant but differ ent for the’ liquid th i s  i f lt e’ i’Iac ’e’ .in sirtte’r oh l mt . i  i i I t U de ’ l,ei ’ s~i’i th,ui th at
and sot td phases Data used are’ listed in Table I. e , e lsulat e7tt (relni r acl ia t  ion onl~ I he’ te i ’  m q 

~~~hI, ! 1 , , 1 wa~ Ill t ’c ii’ l lc l I ’ .it e’tt i i i  I~ei - .‘ .itio~ e’ - The’
niagiutude of th is  heat loss t s  ne~~ li g tt ’Ie’ ~

-
~~minpa  red t~ ’

11 l)t ffer e’nt iai and l) ifferene ’e Equation s (or .e th t ’ absort ’e’sl heat t l u ~~e’s cise’st in our c.elc ~~t,It toits
Mot ’ t u g  flounda 1W llt ’nee ’ . the ’ he’~t h l,is s due ’ to c, ’m I i t  ‘ i ’ l l , ~n .inei 1 .151 i .it lu ll

- had .i iie ’i~ligtb le e l I c i t  ‘i ii  (he’ c . i  Icu late ’tt te ’i i i l i r ’r .t Iur t ’The d ifferential  equations for oiw-ettmenstonal heat ~ -

flow with constaiit t*it di f ferent  thermal  propert ies in iSti  t out  b u s
l’,he’tl sin lv stile’ ph.t Sc iS thl ’t ’Se’iit ~h 1 I c m I ’  I 0 I lie ’ ti le’ It ungthe liquid and solid i’t ’,~i slfl5 ~ert ’ coup led .it tht ’ liquid — - -- Oh th e’ ,solid or .11 hh e ’ e’iiei ~‘l 5 t) l id i l i t ’.lh l i m it  ~1 0~ .solid interface by• tt ’i’lfls Iii t h e’ f i n I t e ’ d i t f e ’re ’hl , ’t ’ equat ions s ’t Mui’i ’ :iv

~, 
/ ~ l ’s \ k - and l 1iitdis ’ .uitl Eq.  2 above ’ bec’c t i , i e ’ uneletint ’et

~ \ 1 
~ 

\ / - - l ’here ’fort ’. the’ int ’lt iuig pi ’oble in must be st.erteet w i th
.i small  out 1,11 ~‘aleie ’ sit 1. and .i st. ii ’t im i~ t emperature ’

where H is the’ v e’loe’it v  of the l iqu i d— solid interface:  profi le ’  in this liquid region lu t ist be’ SPe ’e it  te s t Sii iiI  -

I! is t he’ heat of fusion for the pure’ metal ine’gat ire’ l.i i’l~ - the’ solution dui’ing the ’ ss ml i cli t Is ’ .iI i s t i l  liilt  ci t the
for melt ing and ISisih ly e’ for sol idi f ica t ion ~ ~tiit1 / 1 IS pi’ogranl must be’ stopped be(oi’e’ 1. 0
thi’ de’nsitv of the ’ liquid for mel t ing and density of the ’ A s ta rt in g  procedure sint i lai ’ to th at  sciggeste’d 1’~
solid tc ’i’ so lid i f i  c’.it lu ll - I le it .’ and \Ve’stwat s ’i’ ’’ w.is e’spt ’c’ 1.111 de’ve’lope’ei t ot ’

The liquid and solid phase’s were etivided int o equally th e ’ spe e’if tc problem of th is  invest Igat tul l i . As pre ’~
sized spac’e’ increments which e’hanged in so’s’ as the ously noted t e ’iuperature ’ dis t i’ibt it ions for th e’ t o i l  l a l
l iquid—solid interface nuwed forw ard dur ing melt ing he ’atuig of the ’ sol id we’re deternii i ie’d from e’quatss ’ns
and reversed dirt ’ction during so l id i f icat ion  oh the gi~’t’fl hr Cai’slaw and .1 aege ’u’ - ~ The soluttoit to these
molten layer sometime’ a f t er  the heat f lux was re’ — equations was coat iuiue’et tint it the ’ surt as ’e ci! the ’ solid
mewed front  the sci r t ae ’e’ - The three point f in ite  di!— re’ached a temp er ature ’  .it~’ve’ (tie ’ nie ’lt tug te ’nipe’l- . i(urt ’
ference’ approxiinat iOns of the ’  one’ cillu e ’itsioiial heat of the ’ me’tal (tht ’ solid was supe’u ’he’a tt ’dl - Tht’ii the’
flow equations and Eq. i i  derived hr Mur r ay  and ~e’~~ ibie’ heat of th t ’ s t lpe ’l’he ’.t t e~ t liolid u’ e ’c~ieihi . \ \~ ,
1_andis ’ ‘ we re used . Si’as ui s ta ibt  Iv t’oitv ’i’tt ’d tü hie ’.it of t u sm, in . rt ’su It lug iii

In al l  the calculations the distance’ from the sub— .iii in i t i a l melt depth. V - - , of imiiot ’ m Ii ’ilt pe’i’a
strafe ’ surt ,es ’t ’ to the’ last nodal point  in (hi’ solid was tore ’ . 1’ - 1’ ~ - The’ mathemat  i s , i l  eqc iiv .ilei it ,‘t this
Large enou gh so that the temperature ’  of th i s  nodal st a l e ’nt e’nt I5

Ixi ent re maine ’eI .11 the I n i l  ial te’mperatul’e of (hi ’ sot Id - 5,
i’ , This distance was de’t e ’rn itned hr comparing the 

~ ~ I ‘i r J’ i~ 1\ ,~~,
. U V - - 5

calculated temperature of the ’ last node to I’ , - Finally,  - •

t r i a l  and error showed th at au ef t i e ’ient ei t t liz .at ion Of Equal ion 5 was dire ’el lv m i m i  ~‘ , ‘ I .iI i ’s ’ .it ic r ssmte - -S t i t s i t
computer time ’ without h iss of ace ’eu t’ae’v required 10 lug e’xpu’essloiis ~~lV t ’lb ill H e’t i i  - 1’he’ re’sult 1101 5151.1
increments u ui the ’ liqetid and 21) increments  in Ihe l ion is
solid wi th  the liquid — solid inte ’ i’tae ’e located at nexie
N si . I l .  ~~l ! V -  

~~s 5 p s \ 1 ’ 1’~ t \ i • qi ~~ 4t c i ’ . - 
—

2 1 Boundary and Ini t ia l  Cøndj t ions
- Tabeilated s’atcie ’s ofThe boundary conditions at the surface and last

node’ we’re determined by carrying out tin e’hlCl’ u~V , 
V i

ba lance across half space’ increments at thest ’ Inca — i 
0

t uo ns  -

.ti’t’ g iven in He ’t 15.
th i , mn • i  - 

I~I ,‘n - 
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‘~ 2 I Figure’ 2 sheiws .iu e ’x.i mt t l ’ I e ’ of in i t u .t  I t e ’m pe’ratui’e
.~t , - ~ j ” 1.”~ (‘ stist i’ibut 151115 e’st.iI3tishe’el in t i t u s  way in .iu atunune ini

subst t’.ite ’ sutli i ’i ’t ed t O .111 .it’soi’bed he’4it I let s, 5it ‘. 10
- . in (‘ur~
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~ r - - - T - No , 7 and 8 in F ig .  2 ) .  Distance s ili d~fied is deuoted -
I 

- - as it is the distance from the melt depth , 1. - to theAl ‘ 5 s ~ . 

location of the liquid-solid int erface.  Time in all the
- m u g  data presented herein is total t ime elapsed from I n I t i a l

— 

I 
~~~~~~~~~~~~ r u l e  . L ’ . r . ~ s u I , . n~~u . Ion app l icat ion of the heat flux to the solid surface.

V.  RESULTS OF NUMERICAL CALCULA TIONS
- - ‘ ‘ ‘ ‘ -- The p rocedure described in the previous section was

- - - used to obtain temperature pr ofiles i .s t i m e .  me l t ing .
I - and solidification interface velocities and heating and

~-• 

- 

I cooli ng rates in the surface lay ers  of the tbree metals
1- ‘ ~‘ 

~~~~~~ 

-

~~~~ 
‘ ‘ ( a lumin um ,  i r on , and nickel ) .  Results of this work are

/
/
/~

• - - 

presented in a general enoug h fo rnt to permit  deter-
- - - - i ’  m inat  ion of most of these variabl es for large ranges

— 
‘ ‘ -. t “ I of absorbe d heat fluxes and t in t es .

‘- - t ‘ ‘ ~~~~~~~~ Calcula ted ntel( depths i s  total t ime for several ab-

~~~~~~~~~~ 

- . I ‘ ‘.T sorbed heat flu xes are shown in Fi g. 3 . The arrows
- 

- 

in the fi gure denote times at which the surface of each- 
- material  reaches its vaporiz ati on temperature  and the

o 
- ~~ 

heat flux , q . is removed. As noted earlier , melting
~~~~~~~~~~ continues a while longer unt i l  a maximum melt depth .

Fig. .~— I s ’mmm p s ’r ahu u ’ i.’ , h i s t i ’ i b u t i e it  I l l  ill  ; u l t in m ini imum sub sir aie ’ ii  L mmix , is reached. M axtmum melt depths i-s absorbe d
, l t t ie ’rt,nt t imes  s i ur i u m g h e ’at i iug  ~‘I the’ init ial s, ’l id .  m e l t i n g  and heat f lux  calc u la ted via numer ica l  techniques are
s i i t i n m ’, i t j i ’ i i i s , I i d l f i e ’a i i s m m t  for in . iE ’ s i’h , e d s u m  u t  heat I lu x ~~ plotted in Fig. I for comparison with those predictedIi ’ 55 umm . ‘t e’uutpei’ . i t u r e’ , h j s l i i h u i i ,’ii~ it Suct’CSSivt’ t h u s ”, 

using the integral profile technique . Melt depth duringire h e n  t t  ml l i t  numl,e r’, 1 1(1 1 uu~,h I I I It xi ii  p511111 ill t he  
tht. nie lt tn~, and subsequent solt dific ’ttion period s can
also be expressed in dimensionless form . p 51!1. q 1 ,,~.

- - . Figure 4 shows this func t ion  plotted i s  dimensionlessThe value of in i t ia l  melt dept h . .\~~. used to start the t ime ,  / i’m ,  for the three elements . The maxima in thedi f fe rential equations was consistently small (between bell-shaped curses correspond to maximum nielt0.03 and 0 .1 of the melt depth) . These s tar t ing thick-  depths , L m um .u ’snesses were selected to both preserv e acc u racy of t he The ratios of melt depth to maximum melt depth.te mperature profiles generated as well as keep solu- L L max . are plotted i’s q s !  for the three materials int io n times required reasonable. Computations were 
- Fi g. 5. On the ri ght-hand side of Fig. 5. data are pre-carried out with a t ime interval continuously determined sented to permit determination of distance from the(roni -v~~1 i~ 1 ~ interface to the last nodal poin t in the solid, .‘~~. at anyThe method used to generate initial  melt depths of time during melting or solidification. The total dis-constan t t empera tu re  T T11 results in an init ial  tance from the surface of the metal to the last nodalnegat Ive interface velocity . However , the melt velo- poi nt in the solid is F = S + L :  it is a constant at aci ties rapidly change sign and increase to a maxi- gi ven absorbed heat flux. For example. an aluminumnium value over a lengt h of t ime of approximately substrate absorbing a heat flux of q 5 \ 10 ’ w nclo~ S. 

5 - —-’ 
3) Sequence of Numerical Calculations ABSO R6~ D E A T  n u t , w m~~

The sequence of calculations carried out were as - - ,
follows : Temperature profiles i’s t ime  were estab- . ‘u -
lished during heating of the solid until its surface r , q •

reached and exceeded the melting point of the material.  ‘

The superheated solid region . X 1. was converted to ~~- ‘E.n 1 ’u ,.~ —
~~~

in i t ia l  melt depth . . V:. using Eq. 5 1. Melting was con- 
~ 

“ i v  ar m

tinued until a desired melt depth was reached or until  ~~ 
. -

the surface of the liquid layer reached the vaporiza- ~ io ,,
tion temperature of the metal (see curve No. 5 in Fi g. -

2) . The heat flux was removed, q = 0 in Eq. 2 1. and ‘ 
- 

-

calculations were continued unt i l  the interface v’ . lo- -

ci ty .  R.  became neg ligible — heat flux in tii.= i iqt ud and
I,, ’ inis’r la,~c sei, ’s u l s  ik, rcased to a s ,il uus ’ ’’ I .ippms ’siu u~~m .’E s three ~~~ ~

miiJ $flhiuijc tess than ille ,is,’ij ~ e 1, 11 ~ 1DYefl I’ ”,, mf l pmlu  
~

- 
- — - I . ,,_ - 

- . lO~ ‘ 1 U ’  t ’  I U~~ 1~~ 
-solid at the liquid-solid interface became equal. Th t - ‘ 

-melt depth. L (L neix when the heat flux was removed 
F m ’  U— \ ie ’ I l  dep th  i i i )  t u ne ’ ~u i i t R ’ m s ’ m u t  .uh ~~,’mI ’ e ’d he’aIat r~ = T1.) was thus established (see curve ~~u I’ ill i1uAl ~~ - . m ’t . u u u i , ’ ,) i . u m l ’s’ m i u s  m l  te’..’tuttque ’ . \ m m ’ s ’ , s iumdic ’ ; m t s ’Fig. 2) . Thc sign of the heat of f u s i o n .  II . in Fq - 1 I h u u u e ’,. ii ~:.-h  .i — u i  t . u , 5- m i  . u . h t ’u ,  I t s  v a p s i t i a t t o m i  te ’luupe ’i’a—

was changed ,- commence sol idif icat ion isee curves h u m - m u s t  11.’at f lu s ,  is ~~~~~~ m d .

::i  S o i l  S-I l  - ‘ Ii l i St  l’) ’ S Si t  l i i i  1 R s , h u  i t  I R S S S - \ c l t O \ S  B

—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~~~~~~~~~ - - -- --
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~
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~
- rrr, — —i--v- ‘T-rp As expected , there is significant loss of superheat

- 
- 

- + •~~ • ,
~ • 

- from the liquid region during the time period l~, ~ I
-
— v~ v~ — - ( max , On the other hand , the solid portion of the

- - substrate heats up continuously during the melting and
— — —~~~~ solidification cycles .

), ‘N, Interface velocity, R , is directly proportional to the
— absorbed heat flux. R/q vs fractional distance melted

I / or solidified, X / L  max ’ for the three substrates are-_ _  _~~~~
. — — ,.4,. _ _

- shown in Fig. 9. X denotes melt depth , L , during
- 

/ 
) .r ’s,,, - melting and distance solidified , , during solidification.

- 

/i “\ 
- The change in temperature with time in the liquid at

/~~~~~~~~~~~~~Th S _ _ _ _ __ _ _ _ _
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Fig. 4—Dimensionless melt depth p 0 H L/ q t m  during melting ~, — ______

and solidification vs dimensionless time, t/ t ,,~. 
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Fig. 6—Di mensionless temperatu re at each nodal point in the
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liq uid and the solid regions ~is a function of dimensionless

- / - Lime, / / / r n ,  during melting and solidification of the surface
I “ 21 

layer of an aluminum substrate. I = 1 is the nodal point
U .S —--

~ 
j .- - - —--

~
- — — 8.8 11. 7 - located at the surface and / = 31 Is the last nodal point In the

I / solid .
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Fig. 5—DImensionless melt depth , L/ L max, and dimension— / ‘
~less dista nce from the liquid-so lid interface to the last nodal . - ‘
, ~~ . 

-

point In the solid vs q ‘It for aluminum , iro n and nickel sub— ‘ 
/ / lY:- ’-* )  ‘—~~ “~~ i i ’  •i lu ’s

st raies. ~~~I . e  ,‘ 7, 
~y

will achieve a maximum melt depth of approximately ‘- 
- 

/ I ,, 
~
‘ 

~65 pm at a time of max 1.08 x i0’~ to . The value of 
~‘Y / i ~—

S at this time , L,/L max 1.0, is obtained from Fig. 5; / . ,
S / L max = 8.3 , S 535 pm. Therefore , the distance ti / ‘ 

,

from the surface of the metal to the last nodal point f~ ,
‘ ,,“ __

~ 
t
\is 1? 600 pm. Using the curves and the right-hand I -  ~~ , 

/ , ‘-~~~~

data presented in FigS 5, the melt depth and the heat fr ~~~

— 
- 

5, -

affected zone in the solid, S, can be determined any 
. 

— — ~~ ~••~~ ~~

. 
-

t ime dur ing the melting and the solidification period . ~.o — ~~~- — —i- ~-
‘.‘ —

The Information generated above permits deter- 0 I 2 I
, 

I’ 6

minatton of the locat ion of each nodal point dur ing 
-

melting and sol idification. The temperature profiles Fig. 7~~Dtrne ion I euiuu mPcr :tur 4it c.n h nndalpe :~ul ln

in the two phases throughout the melting process and dur ing melting and so lid t f t i ’auiis n of surface layers of lrm ’n and
dur ing solidifIcation after reaching a maximum melt nickel substrates. i - I Is th e nodal poInt loe’usted at the seur-
depth can thus be established from Figs . 6, 7 , and 8. lace.
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M i l l  iS. 4 4 

- plesteuly sotictif los. Averagei cool tt t ~ rate to t t t t ~ liqu id— — ~i u .  s i t  - • S i  I t ’ l l  1141115 phase’ at any I Irne’ dut~itsg seul t t I t f tv ~ t 1(111 u . s (m el tei t ual
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, e i ~, ettst t4tti’u solid ified as shown iii F t~~ - I I .  This cool tog
h I 9 

m~~ , rule’ Is a max imum al t he’ beginning elf se~i Ie i I t t ca t  tens
8 , 

.51 ~. 
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-
‘ when t eimpesi ’ostuo’ ti gratitunt s in liii’ l iqutet  ure~ hi gh.

- 
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‘
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- 
,.

— ttona l melt depth. 1~ I . imuo ~ for var ious tract tonal eti s
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tances s solidifluct , e /. . are shown In F t g .  12 i” e r  .e
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,__. given melt dep th .  1 1. 
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(
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‘~~ ‘‘ .~ r 1  i - r- -j ~~~~~~ 
- and growth rate conditions. Finally,  isolation of

— - - - —- Al growth from nucleation coupled to experimental tech-
—- - - - - - -  Fe - niques yet to be developed for accurate temperature

~
- it. ~RA C TI0N A 1 DISTANCE S O L I D I F I E D  measurements would greatly enhance our fundamental

- understanding of rapid solidification phenomena .
iu~ o’ooi , , ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ The results presented above show the si gnificant

F- o .oi  
- 

0.01 ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ range of melting and solidificat ion variables that are
- - -- -_~~~ 

- available with variation of absorbed heat flux when
10 • - - - — 

~~~~~~~~ 
. 

-0.0 1 - —— ~~~~~~~~~~~~~~~ 
— — heat flow is construed to be unidirectional. The general

— 0 1  trends established In this study are summarized In
— -- . — — — — 

~0 5 — Table II. 

/  - ~~~~~~~~~~~~~~~~~ 0~~ -

- 
-.

~~~~~ 0,5  
— 

— When the Absorbed Heat Flux is Increased by
— — — - an Order of Magnitude , the Following E ffects are

- 0. 7 - - - . - - - Noted on the Other Variables:
1 0 1  ~~~‘ — - — -

-
. 

—
_ ,‘ - 

-
~~~~~ 9 L — .-—-—--- a) Time. The various times , ‘r n ’  ~~ and ~~~~ de-

crease by two orders of magnitude . In general. the
“ 10 Jj ,

~ 
9-1__ —. — ---— surface of a material reaches a given temperature

- j i m
’ 

~~~~~~~~~~~~~~~~ _ _ - - 
_ ._—~~~ when q’/Tis kept constant . The significance of this

10’ - I f ’  - __—
~~~~ 

- fi ndi ng is that at higher power inputs, less time is
- ‘j  / - ~

.- 

~ 
- available for diffusion of heat into the metal sub-

‘I
i / /- ,“ - strate—absorbed heat is concentrated near the surface10 

.11 //  /‘ of the material leading to steeper temperature gradi-

.i1 f / i ” ,
‘ ents.
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Fig. 12—Temperature gradient to growth rate ratio u t  the
liqu id—solid Interface , G L/I ( . VS fractional melt depth , Al
L/L ma x , for various fractional distances solidified , &/ L . to- ” —. : - -  - . 

- -

near the end of solidification as superheat in the 
—  

- - 
. 

.
. . 

. 
-

liquid is lost. Data in Fig. 12 also show that G L - R  in- ~~ 
- - 

- 

- - -.

creases as melt depth approaches the max im um melt ~
dept h , L L nsax -

~~~ 1.0. - -- - - -

Finally , cooling rates for solidification of noncrys- ~
talline structures were calculated by setting the heat ~~~~~~ — - . — - 

- - 
-

of fusion , JI . equal to zero (see Fig. 13). Total aver- ..:~ _: 
-  

- 
- : - - 

-
-

age cooling rate was obtained by averaging over melt ~ ~~~~2 - - —

depth and temperature until the surface reached one- ~
‘ — — — .— — - - - - . - . - —

half of the melting temperature. - - — -. - — —

VI. DISCUSSION
10W ’’  __________ __________ __________ _________ ________—

The important influence of high cooling rates on re- a.. ’ 4 0.5 ~m .mi
finement of solidification microstructure, increased
solid solub ility. formation of nonequtlibr ium crystalline Fi g. 1:3—The ratio of t o t a l  average cooling rate Is) the square
and noncrystal line phases has now been well estab- of absorbed heat flux u . s fract ional  dj mst : i rus’e  melted , L/ L ,55 15~ .
ltshed . Yet, direct correlation of temperature profiles during sol td t flcust lon  of a nonery sta lline solid .
during solidification with microstructure has been
hanpered due to experImental difficulties . The availa- —

bi lity and continuous development of hi gh Intensity T.bl. I I .  Th. Et8.ci of ~*uan gS in Abuorb.d H..t Flux on Oth.r V.rt.bIM
power sources such as CO3 laser may alleviate these - 

- _ —
.t)rilei i’t tsuOgnhfilmie i umc m s ’mcM’ h I  s3 r esu lt s iii t t ic t s~t towitsg dsan3tesproblems In due course . First, surface melting ex- — - _ —— .  - - -

periments carried out under controlled conditions q Time Melt l~~pih // G1 G, • R C1 R
would lead to predictable melt depths in intimate con- l o t  IO~I ~~ 

- 

~~~~tact with the substrate below . These are two important - - - - - - - - - - -

variables that cannot be controlled In Splat cooling. I ifl. iUli~C

Second . variation in heat f lux would permit directional ~, ~~~~~~~~~~
solidification under a variety of temperature gradient _________________________________________________
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b) Melt ~~~~~ The melt depth decreases by one k 
~

- Bolt znsams ’s constant ,order of magnitude - it is inversely proportional to the .V,~ Avagadro ’s number .absorbeod heat flux. As an example , note that  the slope - step isei ght ,of plots of nsax imuits melt depth i’s absorbed heat flux - parameter t hat relates step hei ght to meanott a log-Log plot (Fig. 1) is - 1. The goisertt l forms of jump dts t attce.this finding are presented in Figs . 4 and 5. Fi gtsre 4shows that for a given substrate material , the di- M~txIniun ~ undercooling at the interlace would titusns eut ssi onless melt depth , 
~~ I l L  q I ,,, . during melting be expected at the highest interface velocities. As-and subsequent so 1idific~stiott is a constant at a given sutising a large absorbed heat flux of lO ’° W ns~ adimensionless t i me , I I ,,, . Or . for a given q~ i . the maxintunt interface velocity of ‘-0.9 m a is predicteddimensionless melt depth , L L l Z i \ ’  is a eolsstant . see from Fig. 9 durIng solid ificat ion of nickel. The cal-Fig . 5 culated undert ’ooliisg, for ~ 60 , is of the order ofe) Te~~~erature Gradient. The t emperature gradi- ‘—6 K. For la r ger values of ~l or slower interf aceents in the lk~~~~ j t~~~~je solid regions increase by ~~ 

velocities the corresponding change in the me ltingorder of nt agni tu de . This fact is Illustrated In Fi gs. 6 . poInt would be snta ller.  
I -

7 , and S where the temperature distr ibutions are pro- I -sented in ternt s of dimensionless tensperature at each V II. SUMMARynoda l ix) sition .
d) Jitterf ae’e Velot .ity The interface veloci ty both A controlled step-function heat Input via a hi gh in-during melt ing and solidi fit ’at io,t increase by an order teissit y Continuous C~~ laser can be an effectiveof magnitude , This fact can be direct ly deduced frons means of s tudying rapid solidilleat ion of thin surfat’ethe above and is Illustrate d in Fig. 9. layers. Otto dimetislonal heat flow calculations showe~ ç~~~i~~~Rates . Cooling rates in the liquid at the that the maximum melt depth achieved is generallyliquid-solid lnt~i&e . ()j ‘ R . during solidificatio is an order of magnitude le’ss than the Iseat affectedincrease by two orders of nta gnttetde ~. see Fi g. 10 . ZOttt7 . Hi gh absorbed heat fluxes lead to high tempera-Average cooling rate in the liquid region tsisd to t~il ture gradient s , shallow melt depths . Increasesci tu tor-average cooling rate duri itg format ion of crystalline face velocities , and signif icant ly lsi gher cooling ratesand noncrystalline solids , respectively, follow similar durin g sol idificat ion. For example, this surface of antrend s , see Fi gs. 11 amtd 13. The data in Fi g. 13 show aluminum substrate absorbing a heat flux of 5 \ 10”that cooling rates at a given power input tend toward W m~ reaclses its vaPorizat ion temperature in approxi-a maximum as melt dept h approaches zero. mately 7.1 ~. 10~ s . The corresponding maxintum itwltf) (~~~R. The ratio of temperature gradient in the depth, solidification inter face velocity, G1 1?, and ttsaxi-liquid at the liquid-so lid interface to solidIfication ~~ mum average cooling rate lit t lse liquid are ~65 54151ter lace Veloci ty remains constant . 0.45 is~ s . 3 \ 108 K s - n t . and 6.5 \ 1O~ K s~ respec-Some exper inscitt al evidence date is in qualitat ive lively. For the same power input, a melt depth of tip-agreement with the general trends noted above , For proximately 14.2 pm is achieved in approximatel~’ 2.42example . receitt work by Beck i ’ m’ a! tm ’ ott superalloy ~ 10~ s; the corresponding total average cooling ratemelts produced by laser irradiation has shown that for noncrystafline solidification of tisis melt is approx i-while structures near the root of a molten zone grow mate ly 7.5 \ 10’ K s.perpendicular to the substrate ntater ial , sol iclificat ioitalso Involves growth of parallel dendrites near the top NOMENCLATUREof this zone . This observation is in line with thepredicted loss of perpendicular temperature gradten~s 

specific heat , .1 kg’4 K ’5 ,
distance front t h e  surface to the last nodal

in the liquid sometime during solidificat ion.
The effects of convection In the liquid and heat loss point in the solid . its or pat ,from the ntelt surface were also Investi gated , lit_ tentperature gradient . K iss~~,creasing the liquid metal conductivity by a factor of Gi. tentperature gradient in the liquid at u sefive resulted in a similar Increase in maximuits nselt liquid-solid interface . K its~~,depth . whereas incorp oration of a heat transfe r ~~ 

II Iteat of fusion , .J k i~
’4 .effic ient at the liquid air Interface , an order of Itsag- A thermal conductivity, J s~~ tu~

1 ~çt
nitude large r tha n tha t calculated for radiation had itselt depth , itt or pat ,negligib le influence on the tentperature gradients. L istuux ntax i it sum melt depth aclsieved after heatFinally, kinetic Limitations to melting and solidifica- flux Is removed when the surface reacheslion are not expected to significantly effect the calcu- the vaporization teit3perature of the nsale-lated temperatur e distr ibut ioit s . If we assunte that s itu , m or 5Aflt~both melting and solidif ication occur In the con- L L 115115 dintensionless melt depth,tinuou s regime ~ts discussed by Cahn el a! t7 then the p 5 111. - q I ,,, dintensionless melt depth.followin g equation is applicable . is increments of space. dinteit siott less

total ituntber of space iner eittet sts . dinten-sionless ,R 7 1 q absorbed heat flux , w
r itum ber of space increments in the liquidwhere : region , dimensionless ,
R interface velocity, its 5” ,.~r superhp~ t or undercooling at the Interface distance front the liquid-solId inter face ’ toduring melting and solidificatIon, respectively, the last nodal point in the solid, m or ICSS .

~-~M ‘c O t  I~M I ‘is 1 1 5 1  t ’,  ‘ us
N I l - S i l t i  Ift;I’ .A I 1k ~NSA(’ It t ISS II



total time after applicatio n of heat flux . s , cussions with Professor G. J. Abbaschiat s on Use kitte-
t inte for the surface of a material to roach tic li its ltat ion of growth rate’ are grateful ly ack isow -
its melt ing temperature. s . lodged.

Isst a,s t ime for a material to achieve a niaxintunt
melt depth. ~ REFF RENC E S

I ,. t ime for surface of a materI al to reach It s
vapor izat ion temperature. 5, I P i)u wt’,, N ii  Witl es s . aji mI W Kt e, ,ens J 4j ’pt !~i i t , i’h4t , us ,’l i l  -

I’ ten iperature. K, I i tt.
antbient ten t perature , K , ~ . I’ fluwe, le~hni qiu’i ,,j tSe:.i! Rcse,,rs 5~. k I Iim in , t iaui . cmi . I i i i~~,s5 i~ its ’c ,

melting temperature , K. ~~~ ‘i sak. iCr’S. 14 ’

surface temperature. K. 1 Pi A, W , M ct te, ido,e . and N . J  ( ,min t l riv~m IllS 4!,tlt ~ I Qt ’~. usol

vaporization tent perature , K. 4 ~~ II~ShW . ~ ~~~~~~~~~ ~~ ~ ‘ . ~~~~~~~ i,su,. l ll’~ 11111 , iCr ,’) ,
X distance front the surface, nt or pits . ~~~ 

,
~~. 

~
. t ous .~

thermal diffusivity = k / p  (‘~~. nt2 s~’ , . I- N . R ein s . II. it.  Kea r , I ’ M. llamas , and I A , ( ,~eiiw atd h~~- - li ar,!

position of solidification Inlerface iueas— itifrflNt ~,’t1,,t .’~iPPh I m ’51i5 ~i. Seseis Spii iijms . l’cisn. ~ It 11. K en . I) K Muqia .

urect front ntelt depth , i, . itt or ~i itt . J . K. Tern , and S. 1 V I,,de k . i.’taior ’ml’uht is issng l)iv ., W,i,’,, k~ u~c. I a .. t I - i S
.Scpt eittbe r I ‘i75. , ~1’M tentperature excess above the nt eltmg L ,t h~~ I ~~~~~ isis:. . t Qcsl . v,,t. ~~ tm . ~i~s 4 . j .  271 .

temperature . K . 7. e; ii. l imi t t l i . W. C leslie . V. U. Uregsnn , nsd ii. A. Sandeis J M,’iah . Ap iil
tentperature excess at space point a. t i i t te  t Q 7 h, p S.
po iitt  a:, K . $ I) R,sse, iitsai: l4’~I,I J . , I ‘54 I .  ~m mI .  10 . itemeasclt Smzt .p tCn ,enI , i~- 22t~t .

p density k ni~’. ‘~ Ii. (• i miuidmi ( I (iiiiir( - -li’t ’I ~II,tt1& . 1Q50 , s~’I .S . no, I .  p St -
I U i K. Ussoditsa,i: .4 Ji’an, ,-s in lkiii Tiu ’is.f r r , 1 I- it -vi ne and J - I’ tlau i , i et i ,

cm i,. . I Ct ’4 . v ,s t. t , p S t .

Subscripts I I. I I ,  S (‘atusta w inst J . C’. iaegci : (‘,‘nduef t, ’,i ‘f lies: in ,S’,’li,is . Oxin ,d t 1 nis- et
SIIV Psesa. Second Fdiiuin . I ‘)7 1

liquid nsaterial , I I .  C W Fsa,is . F. haas sm ’ui . mm d i K I - Maclt ,, iI.ild I_Snar l 4p ; ’I. .tlalh . t ’5 SO,

solid material. 
~~~ ~~~~~~~~~~~ F. l~ nd,s . l’esn~. .4.\IIF . t US U . sot SI , p. t(S~
14. W. I - lleni mind J . W . Wcsiwaie,~ liii / ,‘fIies: and (la ss I ’esnsjr r , 1Q7 0.

v~’l t i ,~ s . 137S
ACKNOWLEDGMENT S 15 1 - C : I Maik i~, i . s , ~~~~ v ,’t .14 , 1 1 I te-

ll. - I) . Reck . S N. (‘s~pIev . M. Sass, an,i I- . Sat ,  Sirylsu id I’r ’’,vedinp ‘5 (~ sn-
j~’r” .~,

- ,’ ,,n R5,i~J s,misaijis ’,ni, in I ’iius essa scg l’r,,,,,~skx and f l , ’hn, ’I, ’i,’,, ’s
A portion of this work was sponsored by th e Defense kes~ s,s , Vi, grn ia . Ns.v. I l - I t . . 1Q 77 . I,’ be publ ished .

Advanced Research Projects Agency. Tectsnical dis — t 7 .J  W (‘ahn. W . H. h illing . mu d U W Se,u,s ta Mci , tQ r ’4 . ~ ‘I 11. 1’- 14 11.

j

M I t - ~l I I K e;R %t I K ~~ N S M l le)N S l 5  Vo Ll,iM1 91

- 
-
~~~~ 

‘ _.~~~~ _~~~~~~~~~~~~ --


